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Interferon-Induced Ifit Proteins: Their Role in Viral Pathogenesis
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A major component of the protective antiviral host defense is contributed by the intracellular actions of the proteins encoded by
interferon-stimulated genes (ISGs); among these are the interferon-induced proteins with tetratricopeptide repeats (IFITs), con-
sisting of four members in human and three in mouse. IFIT proteins do not have any known enzyme activity. Instead, they in-
hibit virus replication by binding and regulating the functions of cellular and viral proteins and RNAs. Although all IFITs are
comprised of multiple copies of the degenerate tetratricopeptide repeats, their distinct tertiary structures enable them to bind
different partners and affect host-virus interactions differently. The recent use of Ifit knockout mouse models has revealed novel
antiviral functions of these proteins and new insights into the specificities of ISG actions. This article focuses on human and mu-
rine IFIT1 and IFIT2 by reviewing their mechanisms of action, their critical roles in protecting mice from viral pathogenesis, and

viral strategies to evade IFIT action.

C ontrol of virus replication and pathogenesis in mammals de-
pends on rapid detection of the pathogen by the infected cell
and its ability to mount an immediate antiviral response to impair
virus replication and to limit virus spread to neighboring cells.
The antiviral response is triggered by the activation of specific
signaling cascades leading to transcriptional induction of many
antiviral genes, which encode intracellular proteins to protect the
infected cell as well as secreted cytokines that protect uninfected
cells from the oncoming infection. The most important cytokines,
in this context, are the type I interferons (IFNs). Their importance
in protecting the host is revealed by the severe mortality among
mice lacking IFNAR, the receptor that recognizes all type I IFNs,
after infection with viruses that are only mildly pathogenic in
wild-type mice (1). IFNs are synthesized and secreted by all host
cells when their specific cell surface or cytoplasmic receptors de-
tect viral molecular patterns (2). After secretion, the type I IFNs
(in human and mouse, mainly beta IFN [IFN-B] and more than
10 subtypes of IFN-«) act by binding to IFNAR, thereby inducing
the expression of more than 200 IFN-stimulated genes (ISGs)
(3-5) whose products are nonlethal to host cells but can be detri-
mental to virus replication. Different ISGs inhibit different steps
of viral life cycles, such as viral entry, transcription, translation,
genome replication, assembly, and egress (6), thereby enabling the
IEN system to orchestrate a multipronged attack on virus replica-
tion. This strategy, rather than the induction of one antiviral
“magic bullet,” presumably accounts for the inability of an IFN-
sensitive virus to quickly mutate into a resistant one. Another
feature of ISG action is that one or a combination of ISGs targets a
specific family of related viruses while having little effect on other
viruses. IFNs are not essential for ISG induction; any stimulus
capable of activating a member of the IFN regulatory factor (IRF)
family of transcription factors has the potential to induce ISGs.
Type I IFN-signaling uses IRF-9 for this purpose, whereas the
membrane-bound Toll-like receptors (TLRs) or the cytoplasmic
RIG-I-like receptors (RLRs) use IRF-3 or IRF-7 to induce ISGs
(7-11). Consequently, ISGs are often induced in virus-infected
cells in response to TLR or RLR activation, without an involve-
ment of IFN. Since ISGs can be induced by a variety of cellular
stress responses, their biological functions are likely to be broad
and not necessarily restricted to antiviral effects. In this review, we
focus on the IFIT1 and IFIT2 genes, members of the IFIT family of
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ISGs (which encode interferon-induced proteins with fetratrico-
peptide repeats) that has been discussed in several recent review
articles as well (12-14).

THE IFIT GENE FAMILY

By convention, the human IFIT genes are spelled in all capital
letters whereas the mouse Ifit genes are spelled with lowercase
letters. Because of the lack of universal use of this convention,
there is confusion in the literature about the identity of the gene
product being discussed; this is compounded by the fact that the
cognate human and mouse proteins are not necessarily equivalent
in functions. Even at the amino acid sequence level, human IFIT1
is almost as different from murine Ifit1 as it is from human IFIT2.
Hence, it is preferable to study their properties as those of distinct
proteins, unless proven otherwise. Another source of confusion is
the use of similar acronyms, such as IFITM, for other ISGs that are
not at all related to IFIT genes. To avoid ambiguity between the
mouse and the human IFIT gene families, we use herein “Ifi” for
the murine and “IFIT” for the human members, respectively;
however, IFIT is also used for referring to these gene families in
general.

The first IFIT gene product to be discovered was human IFIT1.
It was first identified as “P56,” a 56-kDa protein whose synthesis
was strongly induced by IFN. The corresponding gene, ISG56
(also called IFIT1), was one of the first human ISGs to be cloned
(15, 16), paving the way for the future cloning of other human and
murine IFIT genes. Since IFIT mRNAs are very abundant in IFN-
treated cells and are relatively short-lived, they have been used
extensively as read-outs for studying transcriptional regulation of
ISGs by IFN, TLRs, RLRs, and other signaling receptors; for ex-
ample, reporter genes driven by the response elements in the pro-
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moter regions of the IFIT2 (ISG54, P54) or IFIT1 gene are popular
reagents in the field. In contrast, functional studies of the IFIT
proteins are relatively new; however, the recent expansion of the
number of investigators interested in understanding IFIT func-
tions has produced exciting observations and new insights.

IFIT genes have been identified for many mammals (human,
monkey, mouse, rat, cow, dog, horse, dolphin, opossum), various
birds and reptiles, amphibians (Xenopus frog), and bony fish. The
number of IFIT genes and the composition of the family varies
greatly from species to species. The human family comprises four
canonical members, clustered together on chromosome 10: IFIT1
(ISG56), IFIT2 (ISG54), IFIT3 (ISG60 or IFIT4), and IFIT5
(ISG58) (17). Further, the uncharacterized IFITIB as well as
IFIT1PI, a pseudogene on chromosome 13, have been identified
in human genome sequences. The murine Ifit family comprises
three characterized members, clustered in alocus on chromosome
13: Ifit (Isg56), Ifit2 (Isg54), and Ifit3 (Isg49); Ifitlc (Gm14446) is
an allelic variant of the Ifit] gene (17, 18). The same locus also
contains two additional members of unknown expression
patterns and functions, IfitIb (2010002M12Rik) and Ifit3b
(I830012016Rik). The IFIT genes possess a simple architecture
with only 2 to 3 exons, and with the exception of IFIT1B, their
stimulus-dependent expression is driven by the interferon-stim-
ulated response elements (ISREs) present within the first 200 bp
upstream of the transcriptional start site (17).

INDUCTION OF IFIT GENES UPON VIRUS INFECTION

IFIT genes are normally silent or expressed at very low constitutive
levels. Induction of IFIT transcription is triggered by many stim-
uli, usually in context of viral and bacterial infections. The stron-
gest IFIT inducers are type I IFNs (IFN-a/B) and type III IFNs
(IFN-As), whereas type II IFN (IFN-vy) is much weaker (4, 19).
Type I and III TFNs activate the transcription factor ISGF3 (com-
posed of STAT1, STAT2, and IRF-9), which translocates to the
nucleus and binds to the ISRE in the IFIT promoters (20). Inde-
pendently, IFIT genes are also induced in cells infected with dif-
ferent RNA viruses (such as West Nile virus [WNV], influenza
viruses, respiratory syncytial virus, and vesicular stomatitis virus
[VSV]), which are sensed by TLRs (TLR3 or TLR7/8) and RLRs
(RIG-I, MDAD5); similarly, DNA viruses (e.g., herpes simplex vi-
rus, adenovirus, and cytomegalovirus) activate DNA sensors
(IF116 or cyclic GMP-AMP synthase [cGAS]) (2, 21, 22). These
virus-activated signaling pathways primarily engage IRF-3 or
IRE-7, although in some cell types, IRF-1 or IRF-5 can be the
relevant activated transcription factors (8—11). In the absence of
infection, IFIT3 and IFIT5 induction caused by low-level produc-
tion of IFN-a has been observed after prolonged treatment with
all-trans-retinoic acid (ATRA) (23).

Although the presence of ISREs in the promoters of all IFIT
genes predicts their concomitant induction, examples of differen-
tial expression patterns exist. For example, in IFN-a-injected
mice, B cells and plasmacytoid dendritic cells (pDCs) express
abundant Ifif2, but not much Ifitl, whereas T cells express high
levels of both (24). Similarly, in mice infected with lymphocytic
choriomeningitis virus (LCMV), neurons in different regions of
the brain show differential expressions of specific Ifit genes. For
example, the hippocampal CA1/CA2 pyramidal layers express pri-
marily (but not exclusively) the Ifit] gene, olfactory bulb neurons
express the Ifit2 gene, and cerebellar granule cells neurons express
the Ifit3 gene (25). Moreover, in the absence of infection, the basal
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levels of expression of Ifit] and Ifit3 genes are higher in granule cell
neurons than in cortical neurons (26). These observations suggest
that different Ifit genes may have different cell-type-specific in-
duction patterns.

IFIT PROTEIN STRUCTURES

The IFIT proteins, previously called P56, P54, P60 and P58, are
cytoplasmic and do not possess enzyme activities. They are com-
prised of multiple copies of the eponymous tetratricopeptide re-
peat (TPR), a 34-amino-acid helix-turn-helix motif of degenerate
sequence; only 9 residues in certain positions show limited con-
servation. Therefore, the primary structures of different TPRs
within a given IFIT or in IFIT family members differ substantially
from one another (17, 27); consequently, IFIT1 shares only about
44% identity with IFIT2 or IFIT3. The three-dimensional struc-
tures of IFIT2 and part of IFIT1 were recently determined. It is
likely that IFIT1 exists as monomers, is shaped like a clamp, and
possesses a positive-charged pocket which is responsible for RNA
binding (28). IFIT2, on the other hand, is a homodimer, intercon-
nected by intertwined, or “swapped,” domains; the overall shape is
a twisted superhelix. The positive-charged cavity in IFIT?2 is larger,
forming a channel (29). Additional structural complexity derives
from the formation of supercomplexes between IFITs: IFITI, -2,
and -3 can join in a big complex and may do so with other addi-
tional proteins (18, 30, 31). In contrast, Ifitl was found to form a
complex only with Ifitlc (18). The compositions and functions of
all homo- and heteromeric IFIT complexes remain to be deter-
mined, but they likely enhance the spectrum of biological activi-
ties of the individual IFITs.

IFIT BINDING PARTNERS

IFITs, although devoid of enzymatic functions, are capable of spe-
cifically interacting with a range of cellular and viral RNAs and
proteins; these interactions are instrumental in mediating their
antiviral effects.

PROTEIN BINDING PARTNERS OF IFITs

IFIT1, IFIT2, Ifitl, and Ifit2 can inhibit mRNA translation initia-
tion by binding to the multisubunit eukaryotic translation initia-
tion factor 3 (eIF3) and interfering with the assembly of the pre-
initiation complex, consisting of the 40S ribosomal subunit, eIF3,
elF2/GTP/Met-tRNA,, and elF4F (32-37). Interactions are sub-
unit specific: IFIT1 and IFIT2 bind to elF3e, whereas Ifit1 and Ifit2
bind to the eIF3c subunit. When IFIT1 is exogenously expressed, it
inhibits overall cellular translation in HT1080 cells by 40% (32);
this may slow down virus replication by slowing down the overall
cellular metabolism. In addition, IFIT1 inhibits cap-independent
in vitro translation driven by the hepatitis C virus (HCV) internal
ribosome entry site (IRES), a complex RNA secondary structure
which also requires elF3 for ribosome recruitment (38, 39). More-
over, a specific polymorphism in the IFITI gene is strongly asso-
ciated with sustained virologic response and better treatment
efficacy in patients infected with HCV genotype 1 (40). An in-
triguing example of a virus-specific antiviral IFIT interaction
evolved between IFIT1 and the human papillomavirus (HPV) E1
helicase. The sequestration of E1 by IFIT1 perturbs E1 function
and inhibits viral DNA replication (41). Several studies suggest
that the IFITs can modulate viral activation of the signaling path-
ways that lead to IFN induction (42—45), but the reported results
are contradictory and confusing. Both IFIT1 and IFIT2 can appar-
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ently inhibit IFN induction by binding to STING, a signaling pro-
tein common to cytoplasmic sensing pathways used by DNA and
RNA viruses to induce IFN (43). However, others reported that
these IFITs have no effects on IFN induction (30).

IFIT/RNA INTERACTIONS

The RLRs (RIG-I and MDAS) recognize specific structural fea-
tures of viral RNAs that are absent from cellular RNAs (2, 46).
Similar molecular patterns are also recognized by the IFIT pro-
teins: both IFIT1 and Ifitl can specifically bind mRNA 5’ ends
whose caps lack 2'-O-methylation of the first ribose, a hallmark of
some viral but not cellular mRNAs (18, 47, 48). In consequence,
IFIT1 competes with eIF4E for cap binding and prevents transla-
tion of the (viral) mRNA (18, 48). Importantly, the two different
means of translation inhibition by IFIT1 (elF3 and cap-RNA
binding) are mediated by different regions of the protein: IFIT1
uses its N terminus and middle region to bind to RNA, whereas its
C terminus binds eIF3 (28, 33). Another common feature of cer-
tain viral RNAs is a free 5'-triphosphate end (5'-ppp-RNA),
whereas cellular RNAs are either capped or bear a 5'-monophos-
phate (such as tRNA) (49). IFIT1 and Ifitl can bind and sequester
5'-ppp-RNA, thereby perturbing the replication of certain viruses
(18, 28, 30). IFIT2 is able to bind AU-rich RNA in vitro (29).

INHIBITION OF VIRUS REPLICATION BY IFITs IN CELL
CULTURES

Since IFIT1 and Ifit] can bind and sequester 5’ -ppp-RNAs (18, 30,
48), their effects on the replication of viruses which produce such
RNAs were tested. In HeLa cells, the replication of VSV, whose
genomic and leader RNAs carry 5'-ppp, was inhibited by the con-
comitant ectopic expression of all four IFITs. Human IFITs need
to form a complex with each other to efficiently recognize 5'-ppp-
RNA; therefore, the replication of VSV was restored markedly
when the expression of IFIT1, IFIT2, or IFIT3 was knocked down
individually in those cells. Similar findings were made with Rift
valley fever virus (Bunyaviridae), which also does not get inhibited
by the ectopic expression of a single IFIT. Influenza A virus (Or-
thomyxoviridae) showed restored replication when cells expressed
a RNA binding-deficient mutant of IFIT1 instead of wild-type
(wt) IFIT1, because only IFIT1 directly binds viral 5'-ppp-RNA,
whereas IFIT2 and IFIT3 enhance the binding activity. When in-
fected at alow multiplicity of infection, mouse embryo fibroblasts
(MEFs) from IfitI knockout (Ifitl /~) mouse yielded higher VSV
titers than those for wt MEFs (30), because in contrast to human
IFIT1, Ifitl does not require other canonical Ifits to bind ppp-
RNA (18).

Hepatitis C virus (HCV) is a hepatotropic flavivirus whose
mRNA translation is driven by IRES-dependent recruitment of
ribosomes, requiring eIF3 (38). In reporter plasmid-transfected
cells, IFIT1 inhibits HCV IRES-dependent translation even more
strongly than it does cap-dependent translation. This inhibition
derives from IFIT1 binding to elF3e, and consequently, IFIT1 is
present, together with eIF3 and HCV IRES RNA, in ribosomal
initiation complexes but not actively translating polysomes (39).
Importantly, the expression construct used in these experiments
was bicistronic; therefore, the IRES element was located in the
middle of the RNA and was unaffected by the 5'-methylation/
phosphorylation state of the RNA. Replication of infectious HCV
(JFH1 strain) is inhibited by ectopic expression of IFIT1 in im-
mortalized human hepatocytes and increased after knockdown of
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FIG 1 Functions of murine Ifit2 and Ifitl in viral pathogenesis. (A) Ifit2 pro-
tects specific tissues from specific viruses (left) and has no effects on others
(right). CNS, central nervous system; PNS, peripheral nervous system; LN,
lymph node. (B) Viral strategies to evade Ifit1’s antiviral activity. Ifit] binds to
the capped 5" ends of viral mRNAs if the caps have no 2’-O-methylation and
inhibits their translation by blocking the access of eIF4e to the mRNAs. Many
viral mRNAs evade the inhibition by 2’-O-methylating their mRNA caps
(2'Om), whereas others use RNA hairpin structures, near their 5" ends, to
prevent the access of Ifitl to the mRNA caps.

IFIT1 mRNA expression (50). Another flavivirus shows suscepti-
bility to Ifit2 in cell culture (51): in Iﬁth/ ~ cerebellar neurons and
dendritic cells, West Nile virus (WNV) replicates to severalfold
higher titers than those in wt cells. This advantage for WNV rep-
lication in Ifit2 ™'~ cells is even stronger upon IFN pretreatment of
wt versus Ifit2~/~ MEFs and macrophages (51).

The replication of the paramyxovirus parainfluenzavirus 5
(PIV5; formerly simian virus 5 [SV5]), is suppressed by IFN pre-
treatment of infected cells. According to one report, this is due to
selective inhibition of viral, but not cellular, mRNA translation
(52). This inhibition is mediated mostly by IFIT1, as knockdown
of IFIT1 restores viral mRNA translation and infectious virus pro-
duction. Because PIV5 efficiently 2'-O-methylates its mRNA caps,
the selective inhibition of PIV5 mRNA translation is cap-methyl-
ation independent and might involve binding of eIF3e by IFIT1 or
result from sequestration of viral 5'-ppp-RNA (52).

INHIBITION OF VIRAL PATHOGENESIS BY MURINE Ifits

In the last few years, several Ifit knockout mouse lines have been
established, thereby providing valuable model systems for inves-
tigating the role of Ifits in viral pathogenesis. The Ifit2”’~ mice
displayed robust changes in the susceptibility to specific viruses,
whereas the Ifit] ~/~ mice revealed novel escape mechanisms used
by viruses to evade the antiviral actions of Ifit] (Fig. 1).

Four Ifit2-susceptible viruses have been identified so far; three
of them are neurotropic, whereas the fourth one is pneumotropic.
VSV, a neurotropic virus, infects all cell types in culture and is very
sensitive to antiviral IFN actions. Ifit2~'~ mice are much more
susceptible than wt mice to neuropathy caused by VSV infection
of neurons of the central nervous system (CNS) as well as the
peripheral nervous system (PNS) (53, 54). Intranasal VSV admin-
istration in wt mice leads to direct infection of the olfactory sen-
sory neurons in the nasal cavity and results in quick entry of VSV
into the olfactory bulb (OB) of the brain (55). In response to virus
infection of the OB, type I IFN is induced; it diffuses into the
caudal parts of the brain, inducing Ifit2 and other ISGs, before
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VSV reaches there (56). This endogenous IFN “pretreatment” in-
hibits VSV replication in the brain neurons and prevents neuro-
pathogenesis. In Ifi2~/~ mice, however, intranasal VSV infection
is uniformly lethal due to high levels of virus replication in neu-
rons in all regions of the brain, in spite of strong induction and
action of IFN-B, indicating that, among all ISGs, only Ifit2 is re-
sponsible for inhibiting VSV replication in the neurons of the CNS
(53). In support of this conclusion, mice lacking the IFNAR gene
specifically in neurons are no more susceptible to VSV than Ifit2 '~
mice. Preinduction of Ifit2 in brain neurons, preceding the oncoming
virus infection, is required for its protective effect; accordingly, wt and
Ifit2~"~ mice are equally susceptible to intracranial injection of VSV.

Using another model of VSV pathogenesis, it was demon-
strated that Ifit2 also protects the neurons of the PNS (54). In this
model, VSV is administered subcutaneously in one hind footpad
of a mouse, mimicking another natural route of infection (57).
The virus replicates in the proximal lymph node and enters the
PNS via the nodal nerve endings. In wt mice, type I IFN, produced
in the lymph node, prevents further spread of the virus. In con-
trast, in Ifit2~/~ mice, despite IEN induction, VSV replicates in the
ipsilateral sciatic nerve of the PNS and then spreads to the CNS
neurons of the spinal cord and the brain, causing paralysis and
finally reaching the contralateral sciatic nerve as well. These stud-
ies firmly established the role of Ifit2 in protecting all neurons
from VSV infection; however, the underlying mechanism remains
elusive. It appears that Ifit2 impairs a specific feature of neuronal
transmission of VSV in vivo, because in vitro, VSV replicates
equally well in the presence or the absence of Ifit2 in primary fetal
neuronal cultures, in a neuroblastoma cell line, or in mouse em-
bryo fibroblasts (53).

In addition to establishing the role of Ifit2 in preventing neu-
ropathy caused by VSV, the above studies revealed several aspects
of specificity of antiviral actions of ISGs. ISG action is virus spe-
cific, because pathogenesis by another neurotropic virus, en-
cephalomyocarditis virus, was not enhanced in Ifit2~'~ mice (53).
Even related ISGs, such as Ifit] and Ifit2, have different antiviral
properties: whereas 400 PFU of intranasal VSV is lethal to the
Ifit2~'~ mice, the Ifit] ~'~ mice are as resistant to high doses of the
virus as wt mice (53). However, an independently derived Ifit] '~
mouse line is reported to be susceptible to 100,000 PFU of VSV
(30). The underlying cause of the observed difference between the
two Ifitl =/~ lines is currently obscure. Finally, these studies re-
vealed strong cell type specificity of ISG actions. The absence of
only Ifit2, a single ISG among hundreds, makes neurons vulnera-
ble to VSV infection. However, its absence does not affect other
cell types in other organs, such as the liver and the lung, which are
highly susceptible to intranasal or subcutaneous infection with
VSV in IFNAR ™'~ mice, indicating that other ISGs protect other
cell types from the same virus (53).

The lethality after footpad injection with another neurotropic
virus, WNV, is increased in Ifit2~'~ mice. Higher viral burden
occurs in select brain regions (brain stem and cerebellum) but not
in serum, kidney, or spleen, indicating a tissue-specific antiviral
effect of Ifit2. In this system, the adaptive immune responses me-
diated by T and B cells are unaffected by Ifit2, and serum levels of
inflammatory cytokine are similar between wt and Ifi2~/~ mice.
IFN-B levels are actually higher in the Ifit2”'~ mice, indicating
that, just as with VSV-infected mice, Ifit2 does not inhibit WNV
indirectly by promoting IFN-B induction but probably has a di-
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rect effect, especially in neuronal tissues, on the life cycle of WNV
within infected cells (51).

Mouse hepatitis virus (MHV) strain A59 is an RNA virus of the
Coronaviridae with dual tropism for the CNS and the liver. MHV
neuropathogenesis is studied using an intracranial injection
model, in which wt mice lose weight but recover through the ac-
tion of type I TFN. In contrast, 60% of Ifi2~'~ mice succumb after
showing increased clinical scores, with limb paralysis and greater
weight losses. In the Ifit2”'~ mice with higher clinical scores,
MHYV replicates to 100-fold-higher titers in the brain (in neurons
and microglia); elevated virus burdens are also found in the liver.
Cytokine production by microglia/macrophages in the brain was
hardly affected in the absence of Ifit2, except that type I IFN pro-
duction and ISG induction were significantly reduced in the brain
microglia and macrophages of Ifit2~/~ mice. These observations
suggest that Ifit2 might promote type I IFN induction by MHV
(58).

The last example of Ifit2 action against viral pathogenesis
comes from intranasal infection of mice with a respirovirus, Sen-
dai virus (SeV). Ifit2~ '~ mice, but not wt mice, succumb to infec-
tion with SeV strain 52 (59). In this model, the virus replicates only
in lungs and there is a higher burden of SeV in the lungs of sus-
ceptible mice; the level of IFN-B in the lungs is higher as well.
Surprisingly, IFNAR ™'~ mice are less susceptible to SeV than
Ifit2~'~ mice, although pulmonary virus replication is equally
high. Using appropriate genetic crosses, it was established that
higher pulmonary levels of both SeV and IFN are required for
pathogenesis in Ifit2~'~ mice (59).

VIRAL EVASION OF ANTIVIRAL IFIT ACTION

Through the use of viral mutants, investigators have obtained im-
portant insights into the nature of Ifitl’s function in viral patho-
genesis. The observation that the mutant viruses were virulent in
Ifit1 '~ but not wt mice made it possible to connect the activity of
Ifitl with specific mutations in the viral genome. This approach
has revealed that Ifitl specifically recognizes and binds mRNAs
that are deficient in 2’-O-methylation of their caps and blocks
their translation.

WNV mRNAs have fully methylated caps at their 5’ ends. The
multifunctional viral NS5 protein acts as RNA polymerase and as
cap guanine-N-7- and 2’-O-methyl-transferases; however, the
different enzymatic activities of NS5 can be separately manipu-
lated by introducing appropriate mutations in the viral genome.
For example, when the catalytic active center of the 2'-O-methyl-
transferase in NS5 is mutated, viral mRNAs are capped and gua-
nine-N-7-methylated, but not 2'-O-methylated. Such a mutant of
WNV, E218A, is nonpathogenic in wt mice, although wt WNV is
uniformly lethal; in contrast, the two viruses are equally lethal in
Ifit1 '~ mice (60, 61). The increased lethality of the mutant virus
is accompanied by its ability to replicate better in the mouse brain
and neuronal cultures in vitro. Similarly, the replication ofa 2’-O-
methyltransferase mutant of another flavivirus, Japanese enceph-
alitis virus, is restored in Ifit] ~/~ MEFs and macrophages (47).

Coronaviruses, such as MHV, dedicate a separate nonstruc-
tural protein, nsp16, to the sole purpose of 2’'-O-methylating viral
mRNAs, and the D130A mutation in nspl6 destroys its enzyme
activity. This mutant is unable to replicate in the spleen of wt mice
but replicates well in the spleen and macrophages of Ifit] /~ mice
(18, 46). Likewise, a respiratory coronavirus, severe acute respira-
tory syndrome coronavirus (SARS-CoV), is largely resistant to
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Ifitl in the lungs of wt mice, whereas the replication of a mutant
SARS-CoV, lacking nsp16 (Ansp16), is suppressed 1,000-fold. In
contrast, in Ifit] ~/~ mice, the mutant virus can replicate well and
cause airway pathogenesis (62). Vaccinia virus (VACV), a cyto-
plasmic DNA poxvirus, encodes its own 2’-O-methyltransferase,
and pathogenesis in wt mice with VACV depends on the virus’s
ability to 2'-O-methylate its mRNA caps (60). The above results,
coupled with the previously discussed biochemical evidence for
Ifit]’s ability to selectively bind 2’-O-methyl-deficient capped
RNAs, clearly indicate that this protein’s biological function is to
prevent translation of such viral mRNAs. Hence, active 2'-O-
methylation of mRNAs can be viewed as an evasion mechanism
used by many viruses to escape the inhibitory effect of Ifit1 on viral
protein synthesis (Fig. 1).

How do viruses that do not synthesize 2’-O-methyl-capped
mRNAs escape Ifit1? One such example is the neurotropic picor-
navirus encephalomyocarditis virus (EMCV), which is impervi-
ous to Ifitl (53). The most likely reason is that the EMCV mRNA
(which serves as the viral genome as well) is not capped at all and
is masked at its 5" end with a small viral protein. The most elegant
Ifit]l evasion mechanism is used by alphaviruses (63). The alpha-
viral plus-sense RNA genome and subgenomic mRNAs are all
capped, but since these viruses do not encode 2'-O-methyltrans-
ferases, they would be expected to be highly susceptible to inhibi-
tion by Ifitl, although in reality they are not (64). The mos-
quito-borne Venezuelan equine encephalitis virus (VEEV) is a
neuropathic alphavirus. After subcutaneous footpad infection,
the wild-type TRD strain is 100% lethal in wt mice even at a very
low dose (63). In contrast, the derived, attenuated, more IFN-
sensitive TC-83 strain is nonpathogenic in wt mice, even at high
doses. However, in Ifitl '~ mice, TC-83 lethality is restored to
100%, with restored replication in spinal cord and brain in vivo as
well as in MEFs in vitro. The only difference between the wt and
the mutant virus are two point mutations, one of which is at the
position 3 of the genome, adjacent to the non-2'-O-methylated 5
cap (G3—A substitution); reversion of this mutation (A3—G) of
TC-83 results in a virus as lethal as the wt VEEV. The mechanistic
basis for the Ifitl resistance of the wt VEEV lies in the hairpin
secondary structure adjacent to the 5’ end of the RNA, which
prevents Ifitl from accessing the cap region. When nucleotide 3 is
changed, as in the G3—A mutant, the distinct hairpin structure is
lost and Ifit] binds directly to the mutant RNA’s capped 5’ end,
thereby inhibiting translation of the mutant mRNA (63). The phe-
nomenon holds true for other alphaviruses, such as Sindbis virus
(attenuated strain Toto1101) (63). This escape mechanism, which
is lost by mutation of a single nucleotide, demonstrates a strong
antiviral selection pressure by Ifitl.

FUTURE PERSPECTIVES

Identification of the full repertoire of IFIT-sensitive viruses and
the different molecular features of proteins and nucleic acids that
are recognized by IFITs has only begun. As additional mice in the
Ifit '~ family missing one or more Ifit genes become available,
they should be challenged with a variety of RNA and DNA viruses.
The property of IFITs to form complexes with each other as
homo- or heterodimers, or as supercomplexes with other pro-
teins, is expected to allow for a broad spectrum of binding part-
ners, thereby minimizing the chances of viruses to escape the in-
hibitory actions of all IFIT family members. Additional
complexity arises from the finding that the four IFITs are partially
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modified by a covalent linkage with ISG15 (“ISGylation”) (65), a
small IFN-induced ubiquitin-like protein, which may change IFIT
conformation and modify IFIT function or stability. It is tempting
to speculate that cellular mRNAs may also be targets of IFIT bind-
ing. Usually, cellular mRNAs get degraded in the cytoplasm once
they lose their 5" cap. However, a few hundred decapped mRNAs
are not degraded; instead, a cytoplasmic machinery recaps them,
allowing for their translation (66). Importantly, these recapped
messages likely lack 2’-O-methylation, making them possible tar-
gets of IFIT1. Since many of them also have AU-rich elements
(AREs) in their 3" end, they could be recognized by IFIT2 (29).
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